The work explores the use of time-resolved tomographic PIV measurements to study a flapping-wing model, the related vortex generation mechanisms and the effect of wing flexibility on the clap-and-fling movement in particular. An experimental setup is designed and realized in a water tank by use of a single wing model and a mirror plate to simulate the wing interaction that is involved in clap-and-fling motion. The wing model used in the experiments has the same planform with the DelFly II wings and consists of a rigid leading edge and an isotropic polyester film. The thickness of the polyester film was changed in order to investigate the influence of flexibility. A similarity analysis based on the two-dimensional dynamic beam equation was performed to compare aeroelastic characteristics of flapping-wing motion in-air and in-water conditions. Based on the experimental results, the evolution of vortical structures during the clap-and-peel motion is explained. The general effects of flexibility on vortex formations and interactions are discussed. It was observed that the flexibility affects the behavior and orientation of the vortices in relation to the deformation of the wing and interaction with the mirror plate.
Following, the translation of the wings occurs (see Figure 1 D-F). Investigations on birds and insects showed that as well as being used continuously during the flight, some species utilize this mechanism for a limited time in order to generate extra lift, especially while carrying loads or during the take-off phase [13] . The insect experiments of Marden [14] showed that use of clap-and-fling mechanism results in generation of 25% more aerodynamic lift per unit flight muscle than conventional flapping-wing motions.
Several studies have attempted to provide an explanation of the enhanced force generation mechanism of the clap-and-fling motion. Weis-Fogh [12] indicated that during the clap phase, as the gap between the wings vanishes progressively, the opposing circulation of both wings cancel each other out. This attenuates the starting vortex at the onset of fling and diminishes the Wagner effect. By doing so, circulation will build up more rapidly and the benefit of lift over time will be extended in the fling phase [11] . Moreover, a downward momentum jet formed at the end of clapping motion can work in favor of lift generation [15] . On the other hand, during the fling phase, as the leading edges move apart, the fluid rushes into the low pressure region between two wings, which results in generation of massive leading edge vortices. This mechanism enhances circulation at the onset of fling phase and hence increases lift. This phenomenon was experimentally verified by Lehmann et al. [16] . They performed instantaneous PIV and force measurements on dynamically scaled rigid fruit fly wings in order to investigate the effects of the clap-and-fling motion on the force production. They pointed out that clapand-fling motion, depending on the stroke kinematics, may enhance the force production up to 17%. Detailed PIV analysis revealed that the existence of a bilateral image wing increases the circulation induced by the leading edge vortex during the early fling phase, obviously correlated with a prominent peak in both lift and drag. Furthermore, it was shown that trailing edge vorticity shed during the clap phase of the motion is considerably reduced with respect to the single flapping wing case.
It is obvious that the majority of these studies focus on the flapping motion of rigid wings and the effect of flexibility has received relatively little attention. However, studies on the mechanical properties of insect wings report complicated variations in their stiffness and identify them absolutely flexible [17, 18] . Although aerodynamic benefits of flexibility for the insect are not completely clear [19] , there is a growing evidence that wing deformation during the flapping motion boosts thrust and lift production considerably [20] . Vanella et al. [21] carried out a computational study on a hovering two-dimensional flexible wing model for Reynolds number (Re) ranging from 75 to 1000. They concluded that flexibility can enhance the aerodynamic performance and the best performance was achieved when the wing was flapped at 1/3 of the natural frequency. Heathcote and Gursul [19] performed water tunnel experiments to investigate the effect of chord-wise flexibility on the propulsive efficiency of a heaving airfoil for Re of 9000 to 27000. They concluded that a certain degree of flexibility enhances the thrust coefficient and propulsive efficiency. Heathcote et al. [22] also studied the influence of spanwise flexibility and they found out that introducing a degree of spanwise flexibility affects the vortex mechanism and increases the thrust efficiency. They added that the range of Strouhal number (Sr) in which spanwise flexibility was beneficial overlaps with the range observed in nature (0.2 < Sr < 0.4). Based on above discussion, it can be inferred that MAVs might benefit from aerodynamic contributions of flexibility, in addition to the intrinsic low weight of flexible structures.
Regarding the clap-and-fling motion, it was shown that with the effect of flexibility the fling phase occurs more like a peel, while the clap phase can be considered as reverse-peel [23] . That is the reason why clap-and-fling motion is called clap-and-peel motion for flexible wing case. It has been speculated that flexible wings increase lift by enhancing the circulation in the fling phase and boosting the strength of downward momentum jet in the clap phase [15] . Moreover, it was indicated that flexibility reduces drag by allowing the wing to bend or reconfigure under the aerodynamic loading [24] . Miller and Peskin [24] investigated this phenomenon computationally by use of an immersed boundary method for Re of 10. They found that clap-and-fling with flexible wings produces lower drag and higher lift with respect to clap-and-fling with rigid wings.
As indicated earlier, the clap-and-fling mechanism is the particular research interest for the present paper, because of its relevance to the DelFly II, which is a bi-plane flapping-wing MAV that was designed and built at Delft University of Technology. It has four wings, of anisotropic flexible construction, undergoing clap-and-fling motion. Therefore, it is important from a design optimization point of view to obtain a better understanding of the effect of flexibility on the clap-and-fling motion.
Experimental research has been performed on the DelFly II to reveal the effect of flexibility on the aerodynamic performance. De Clercq [25] captured the instantaneous flow field in the vicinity of the flapping wings of DelFly II in hover condition via stereo-PIV and performed simultaneous thrust (viz. lift) force measurements. She showed that flexibility causes the wings to peel apart at the onset of the fling and to flex at the maximum outstroke. She also found that the peeling phase makes the major contribution to the lift thanks to the generation of massive leading edge vortices. A subsequent wing optimization study by Bruggeman [26] for the hovering condition resulted in a wing layout that provides a 10% increase in thrust-to-power ratio. Consequently, Groen [27] performed phase-locked stereo-PIV measurements to compare the deformations and flow fields for the original and the improved wing. The acquired wing shapes revealed that the improved wing in general is less flexible with respect to the original wing. This condition manifests itself also in the flow fields as shown in Figure 2 . He pointed out that the LEV stays closer to the wing surface for the improved wing which was attributed to the increased suction during the peeling phase of the motion. Notwithstanding the extensive measurements performed on the DelFly wings, it proved difficult to link the effect of flexibility to the flow field characteristics and performance improvements, due to the anisotropic characteristics of the Delfly wings and the associated complicated aeroelastic behavior. Based on these considerations, in this project it is aimed to investigate the influence of wing flexibility in a more generic configuration. The experiments were performed in a water tank to permit high-quality and time-resolved three-dimensional flow field measurements via time-resolved Tomographic Particle Image Velocimetry (TOMO-PIV) [28] . The wing model used in the experiments consists of a rigid leading edge and an isotropic flexible wing surface made from polyester film; therefore it is assumed that the wing is flexible in only the chordwise direction. The flexibility was varied in the experiments by changing the thickness of the polyester film.
SIMILARITY ANALYSIS
The determination of scaling laws is an important step in order to identify characteristic properties of the system under consideration and to establish which combination of parameters is of importance for the given conditions. In the current study, analysis of structural dynamics as well as fluid dynamics becomes necessary, because of the different deformation characteristics of a flapping flexible wing for in-air and in-water conditions. The Euler-Bernoulli dynamic beam equation was utilized for the analysis of similarity parameters. The general form of the equation after neglecting the rotary inertia and deformations due to shear is shown below.
(1)
It should be noted that deformation only in the chordwise direction x is considered, in accordance with the model wing used in the experiments. In eqn (1), w is the deformation in the direction normal to the wing chord, m is the mass per unit chord length, E is the Young's modulus, and I is the moment of inertia. The term f (x, t) on the right hand side is the forcing function term, consisting of aerodynamic and inertial contributions, as given in eqn (2), for a sinusoidally heaving leading edge. (2) Here, C aero is the aerodynamic multiplication factor (C aero = 0.5ρ f c -, where c -is the mean chord length, and ρ f the fluid density), ω is the circular frequency (ω = 2πf, with f the flapping frequency), and h -is the amplitude of the heaving motion. Dimensional analysis of eqns (1-2) yields two similarity parameters, which are the ratio of elastic to aerodynamic forces (bending stiffness parameter, eqn (3)), and the ratio of inertial to aerodynamic forces (eqn (4)), reinterpreted here in relation to a flapping wing geometry.
In this, φ is the angular flapping amplitude, b the span length (from wing root to wing tip), c the chord length (taken as the mean chord in the present calculations), ρ w the density of the wing material, and t w the thickness of the wing. It should be noted that for the dimensional analysis m is taken as ρ w × t w and h -as b × ϕ.
In addition to the derivation of similarity parameters, analytical solutions of the dynamic beam equation were used for comparison of the deformation characteristics for in-air and in-water conditions. The solution was performed for a sinusoidally plunging airfoil which is assumed to
represent the cross-section of the flapping wing. Firstly, a wing of isotropic flexibility was defined as an equivalent-DelFly-wing. Secondly, a model wing for in-water conditions was defined, operating at the same order of the Reynolds number and with similar flexibility as the (equivalent) DelFly wing. Assumptions involved in the definition of the equivalent-DelFly-wing are: (1) it has the same geometry (b = 0.14 m, c -= 0.08 m, and AR = 1.75) and mass (88 mg for a single wing excluding the rigid leading edge) as the DelFly wing; (2) it has isotropic structural characteristics; (3) it flaps in-air at 13 Hz and (4) the maximum deformation (trailing edge displacement with respect to leading edge) it experiences is equal to that of the DelFly wing. The maximum deformation for the reference case was observed to be approximately 60% of the chord length at 71% of the span length, based on the wing shape visualization performed by Groen [27] . The analytical solution was then used to determine the required flexural stiffness of the equivalentDelFly-wing. The maximum deformation of 60% of chord length is achieved at a flexural stiffness value of 1.06 × 10 -4 Nm 2 . The order of flexural stiffness agrees with the study of Combes and Daniel [18] Figure 3a . It should be noted that although it might be possible to satisfy the above-mentioned conditions with a different flapping frequency and wing thickness, current values were selected based on the limitations regarding to the experimental setup and material availability. It is clear that the deformation characteristics in air and water are different, as already expected. The major difference can be approximated by a phase shift of 10% of the flapping period. In order to clarify the reason of this difference, the deformation contributions of the aerodynamic and inertial effects are shown separately in Figure 3b . It is obvious that inertial forces are substantially diminished conducting experiments in water rather than air, as also evident from eqn (4). It can be concluded that the effect associated to the wing-inertia term is largely reduced when the wing flaps in water, which has similar density. As a result, it is difficult to achieve the same deformation characteristics for air and water experiments. Therefore, it is aimed to achieve order of scales of deformation and flexural bending stiffness as similar as possible to the equivalent-DelFly-wing in this study.
EXPERIMENTAL SETUP 3.1. Wing Model and Setup
The experiments were conducted in a water tank (Figure 4a ) at the Aerodynamic Laboratory of Delft University of Technology (TUDelft). A single actuated wing was used in combination with a mirror plate to simulate the clap-and-fling motion of DelFly II in hovering flight. The wing model consists of a rigid leading edge and a flexible wing surface. The leading edge is made of two D-shape carbon rods of 4 mm diameter and the wing is manufactured from transparent polyester film (see Figure 4b) . Four different polyester wings with thickness of 50, 100, 175 and 250 µm were used to investigate the effect of flexibility. As shown in Figure 4a , a stainless steel rod with a diameter of 15 mm, connecting with the wing model, stands vertically in the octagonal water tank (600 mm of diameter and 600 mm of height). The water tank is made of Plexiglass allowing full optical access for illumination and tomographic imaging, and was originally constructed to study turbulent jets [29] . The distance between the rod axis and the surface of the mirror plate is 10 mm. When the motor actuates the crank-arm mechanism, the wing will flap with a total amplitude (peak to peak) of 50 o and a frequency of 0.75 Hz. Based on the mean wing tip velocity and the mean chord length, the Reynolds number for the experimental model [30] is 7500.
Time-resolved Tomographic-PIV
High-speed tomographic-PIV measurements were carried out to acquire time-resolved threedimensional quantitative information of the flow around the wing model. Polyamide spherical particles of 56 µm diameter were employed as tracer particles at a concentration of 0.04 particles/mm 3 . An alternative method to laser was applied for volume illumination, using the light beam from a normal projector, Acer PD125D DLP, which is converged by a convex lens. Position, color and size of the beam could be modified easily by Microsoft PowerPoint software on the computer. The light with lumen of 2000 ANSI from the projector is adequate to collect sufficient light scattered by the particles. The measurement volume of 100 × 100 × 40 mm 3 in size, oriented as indicated in Figure 5b where the distance D = 70 mm, is captured by three high-speed cameras (1024 × 1024 pixels) arranged along different azimuthal directions in a horizontal plane as shown in Figure 5 .
The digital resolution is 10 pixels/mm and the average particle image density is approximately 0.015 particles per pixel (ppp). The tomographic recording system is composed of three CMOS cameras with a resolution of 1024 × 1024 pixels at 5.4 kHz. The pixel pitch of the cameras is 20 µm. Each camera is equipped with a Nikon 60 mm focal objective with numerical aperture f# = 11. Scheimpflug adapters are used on two cameras to align the mid-plane of the measurement volume with the focal plane. Image sequences of tracer particles are recorded with recording frequency of 250 Hz (exposures time is 1/300 s).
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Tomographic Reconstruction
Besides synchronization of the cameras and image acquisition, DaVis 7.4 (LaVision) was also used in the image pre-processing, volume calibration, self-calibration [31] , reconstruction, and threedimensional cross-correlation based interrogation that yields the velocity vector fields.
In this experiment, the measurement volume is calibrated by scanning a plate with 9 × 10 dots through the volume in depth of 20 mm with steps of 5 mm. In each of the calibration planes, the relation between the physical coordinates (X, Y, Z) and image coordinates is described by a 3 rd order polynomial fit. Linear interpolation is used to find the corresponding image coordinates at intermediate z-locations.
The reconstruction process is improved by means of image pre-processing with background intensity removal, particle intensity equalization and a Gaussian smooth (3 × 3 kernel size). Reconstructed volumes are discretized at 10 3 voxels per mm 3 . The particle images are interrogated using windows of final size 64 × 64 × 64 voxels with an overlap factor of 75 %, resulting in a vector spacing of about 1.6 mm in each direction. A dataset of order 62 × 62 × 25 velocity vector volumes is acquired in each region.
RESULTS
Four polyester wings with different thickness (ranging from 50 to 250 µm) were used to investigate the effect of flexibility. In this section, the evolution of vortical structures at the clap-and-peel phase of the flapping motion is discussed. For brevity, only the cases of 100 and 250 µm wings flapping at 0.75 Hz are represented here.
In Figure 6 , iso-surfaces of vorticity magnitude during the clap-and-peel phase are shown for the wing with a thickness of 100 µm. The end of clap, when the wing leading edge is closest to the mirror plate, is labeled as t = 0 and the rear surface of the illumination volume is represented with a green slice. The wing position with respect to the symmetry plane is schematized on the left corner of each phase. The vortex formation mechanism can be explained as follows: After the onset of instroke, the wing starts to move towards the wall with the formation of leading end trailing edge vortices (t = -0.12 T). The separating shear layer from the trailing edge forms into a discrete trailing edge vortex. Trailing and leading edge vortices grow in size as the rotation goes on (t = −0.06 T). At the end of in-stroke, the trailing edge vortex sheds into the wake of the wing, whereas the leading edge vortex stretches downward behind the wing (t = 0). During the supination (t = 0.06 T), the stretched leading edge vortex moves towards the tapered part of the wing and interacts with the newly formed trailing edge vortex (t = 0.12 T). The outstroke continues with the formation of a massive leading edge vortex (t = 0.18 T ) thanks to the inrush of fluid into the gap between the wing and the wall during the peeling phase.
The wing flexibility manifests its effects in general vortex formation-interaction mechanisms as well as in the deformation of the wing during the flapping motion. In Figure 7 , contours of z-vorticity are plotted in the cross section plane at 70% of the span at the early clap phase (t = −0.12 T), comparing the wings with thickness of 100 and 250 µm. F Fi ig gu ur re e 7 7 : : Contours of z vorticity for the wings at 70% of the span lengths of the wings with thicknesses of (a) 100 µm and (b) 250 µm at t = −0.12 T.
It is clear that the flexible wing curves towards its own wake whereas the other wing behaves as almost rigid. In the case of the rigid wing, a stronger leading edge vortex is present but rather detached from the wing surface. It is possible to indicate that this condition will result in lower lift generation than the flexible wing case where the leading edge vortex stays near the curved surface of the wing and creates suction that works in favour of lift generation. On the other hand, the separating shear layer of the rigid wing trailing edge is curved downwards most probably due to the increased downwash generated. In contrast, for the flexible wing, the trailing edge vortex stays inside the wake.
The vortical formations for the rigid and flexible wings are compared at the end of the clap (t = 0) in Figure 8 . It is evident that due to the rigidity of the wing, the interaction with the wall results in stronger downwash and upwash (due to the finite distance between the rigid leading edge and the wall) which in turn cause the vortices formed during the previous instroke to convect downward and upward, respectively. As noted earlier, contrary to the rigid wing case, the leading edge vortex in the case of flexible wing stays in the wake.
The comparison of z-vorticity contours at the late peel phase (Figure 9 ) reveals the fact that the rigid wing supinates into relatively low-velocity fluid region in comparison to flexible wing case for which F Fi ig gu ur re e 9 9 : : Contours of z vorticity for the wings at 70% of the span lengths of the wings with thicknesses of (a) 100 µm and (b) 250 µm at t = 0.18 T.
there is a stronger downwash due to the deflection of the wing. It can be speculated that this condition will result in increase of the power requirement to fling the wing apart.
CONCLUSION
The applicability of time-resolved tomographic PIV for the experimental investigation of vortical structures and effects of flexibility for the clap-and-fling type flapping motion was studied in this investigation. Experiments were performed in a water tank with a model wing that consists of a rigid leading edge and an isotropic flexible polyester film. The thickness of the polyester film was changed to investigate the influence of flexibility. A similarity analysis was performed by use of the twodimensional dynamic beam equation. This revealed the different deformation characteristics for in-air and in-water conditions. Experimental results obtained with the tomo-PIV technique allow to characterize the three-dimensional structure of the flow field around the flapping wing model. The general vortex formation and interaction mechanisms during the clap-and-peel phase of the flapping motion are explained. It was shown that in the case of more rigid wing case, leading and trailing edge vortices stay detached from the surface of the wing and they convect upwards and downwards due to relatively strong up-downwash generated as a result of interaction with the wall. Therefore, at the stroke reversal, the more rigid wing cannot benefit from the phenomenon of the wake capture. However, in the more flexible wing case, vortices from the previous stroke interact with the wing and newly generated vortices.
